Field application vectors (FAVs), which are a combination of a selective substrate, a host, and a cloning vector, have been developed for the purpose of expressing foreign genes in nonsterile, competitive environments in which the gene products provide no advantage to the host. Such gene products are exemplified by the enzymes for the cometabolism of polychlorinated biphenyls (PCBs) through the biphenyl degradation pathway. Attempts to use highly competent PCB-cometabolizing strains in the environment in the absence of biphenyl have not been successful, while the addition of biphenyl is limited by its human toxicity and low water solubility. Broad-substrate-specificity PCB-degradative genes (bphABC) were cloned from a naturally occurring isolate, Pseudomonas sp. strain ENV307, into broad-host-range plasmid pRK293. The resulting PCB-degrading plasmids were transferred to the FAV host Pseudomonas paucimobilis IIGP4, which utilizes the nontoxic, water-soluble, nonionic surfactant Igepal CO-720 as a selective growth substrate. Plasmid stability in the recombinant strains was determined in the absence of antibiotic selection. PCB-degrading activity was
Many potential applications of genetically engineered microorganisms in environmental biotechnology involve introducing genetic capabilities into nonsterile, competitive environments in which the genetic capabilities provide no advantage to the host. This is exemplified by the cometabolism of polychlorinated biphenyls (PCBs) through the biphenyl degradation pathway. PCB contamination is widespread as a result of industrial activities. The highly chlorinated congeners in commonly used Aroclors (commercial PCB mixtures) are persistent in aerobic environments.
Workers have isolated many strains of microorganisms which grow on biphenyl as a sole source of carbon and energy and cometabolize many of the PCB congeners present in commercial Aroclors (3, 13) . Degradation is mediated by four enzymes encoded by the bphABCD genes, which convert chlorobiphenyls to their corresponding chlorobenzoic acids (12, 23) . These organisms are unable to dehalogenate the resulting ring fission products and cannot use any of the highly chlorinated congeners as growth substrates (1, 13) . However, other organisms are capable of dehalogenating and mineralizing chlorobenzoic acids (24) . The rate-limiting step in the metabolism of PCBs to CO2 in the environment has been reported to be the initial cometabolic oxidation (11) . Following stimulation of cometabolic activity via biphenyl amendment, transient accumulations of chlorobenzoic acids have been observed, and many of these chlorobenzoic acids can be readily degraded by indigenous microorganisms (11, 15, 16, 18) .
Treatment of contaminated soils or sediments in situ has the potential for considerable cost savings compared with excavation and treatment in reactors. One difficulty with using cometabolic approaches for either in situ or reactorcontained PCB degradation is that addition of biphenyl is problematical because of its low water solubility and its human toxicity. In the absence of biphenyl, exogenous organisms are unable to compete effectively with the highly adapted indigenous species for alternative growth substrates, and also the biphenyl dioxygenase pathway is not fully induced (8, 20) . Cloning of the PCB-degradative genes into Eschenchia coli results in production of enzymes in the absence of biphenyl induction (23) . However, E. coli is not native to soil and grows slowly at ambient temperatures. Additions of PCB-degrading microorganisms to competitive microbial environments without the development of a suitable niche have not been shown to result in effective bioremediation (15) . Even with biphenyl addition, treatment might be limited because of the selective advantage of non-PCB-cometabolizing biphenyl utilizers.
Field application vectors (FAVs) have been developed for the purpose of creating a temporary niche for the host bacterial strain in such environments (21) . This technique involves addition to the target environment of a selective substrate that is readily utilizable by the host microorganism but is unavailable to most indigenous species. The degradative genes for a particular metabolic pathway are inserted into this host, which functions to channel carbon and energy from the selective substrate into the production of the (21) . In this paper we describe the development of this FAV for the degradation of PCBs through addition of recombinant plasmids carrying genes for the biphenyl metabolic pathway.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this study are described in Table 1 . PCB-degrading strain ENV307, a Pseudomonas sp. strain isolated from PCB-contaminated sediments (26) , was grown on PAS medium (7) (2) to an OD600 of 0.5.
Recombinant DNA methods. Chromosomal DNA was isolated and purified by a modification of the method of Beji et al. (5) . Plasmids to be used in cloning procedures were extracted from E. coli strains by using an alkaline-sodium dodecyl sulfate method (19) and were purified by cesium chloride-ethidium bromide density gradient centrifugation. Small-scale preparations of high-copy-number plasmids for restriction mapping were obtained by performing a modified minilysis procedure (6) . Low-copy-number plasmids for restriction mapping were extracted by using a quick, largescale plasmid preparation procedure (25) ability to convert 2,3-dihydroxybiphenyl (DHB) to the yellow meta-cleavage product (23) . The restriction fragments containing the biphenyl-degradative genes were subcloned into E. coli vector pUC19. Subclones with the highest activity were selected on the basis of the results of an Aroclor 1248 assay (3) .
An XhoI-HindIll fragment from the multiple cloning site of pGEM-7zf(-) was cloned into the XhoI-HindIII region of broad-host-range plasmid pRK293, eliminating 0.5 kb from the kanamycin resistance gene. This plasmid was chosen on the basis of its suitability for use in strain 1IGP4 (21) . The resulting plasmid (pCL1) (Fig. 1) contains two EcoRI sites, one of which is downstream of the kanamycin promoter. Plasmids pCL1 and pUC19PCB were partially digested with EcoRI, ligated (Fig. 1) , and transformed into E. coli DH5a. Two strains harboring plasmids pCL2 and pCL3 ( Fig. 1) were chosen for further study. The locations and orientations of the PCB genes in these plasmid constructs were determined by restriction mapping.
Triparental matings. Strain 1IGP4, E. coli HB101 containing the helper plasmid (pRK2013), and E. coli DH5ct isolates carrying recombinant plasmids pCL1, pCL2, and pCL3 were spread on LBG agar plates at a cell concentration ratio of approximately 4:1:1, and the preparations were incubated at room temperature. Control mating preparations contained only strain 1IGP4 (no plasmids) and E. coli HB101 carrying plasmid pRK2013. After 24 to 48 h the cells were scraped from the surface of the agar, suspended in dilution water, spread on plates containing PAS medium supplemented with 1.0% IGP and tetracycline, and incubated at room temperature until colonies appeared. Successful mating was indicated by colonies which turned yellow when they were sprayed with DHB.
Plasmid stability. The stabilities of the PCB-degrading plasmids in strain 1IGP4 were determined in the absence of tetracycline selection. For each strain 200 ,ul of culture was inoculated into 5 ml of PAS medium containing 0.2% IGP in a screw-cap culture tube (16 by 125 mm). The culture was then grown at room temperature on a laboratory rotator to an OD6. of 0.5. The initial and final concentrations of strain 1IGP4 were determined by plate counts on PAS agar containing 0.2% IGP. The initial and final percentages of tetracycline-resistant colonies were determined by picking 100 colonies of each strain from the plates containing PAS agar supplemented with 0.2% IGP and transferring them to plates containing PAS medium supplemented with 0.2% IGP and tetracycline. The percentages of the tetracycline-resistant colonies maintaining the bphC gene were determined by spraying the plates containing PAS agar supplemented with 0.2% IGP and tetracycline with DHB.
Resting cell assays. For resting cell assays (3) of PCBdegrading ability, ENV307 was grown in PAS medium containing biphenyl as the carbon source. The strain 1IGP4 isolates were grown in PAS medium containing 0.2% IGP and tetracycline.
Soil treatment experiments. Soil (Nixon loam) for PCB degradation studies was obtained from a Cook College agricultural field in New Brunswick, N.J. (21) . The soil was prepared by adjusting the pH from 6.8 to 7.0 with Ca(OH)2 and air drying it to 40% of field capacity. A 20-g soil subsample for each treatment was amended with Aroclor 1242 in 2 ml of acetone, and the acetone was allowed to evaporate. This 20-g subsample was mixed with 24 g of uncontaminated soil, and then inorganic macronutrients (169 ppm of NH4Cl, 42 ppm of K2HPO4), 1.0% (wt/wt) IGP in wet soil, and sufficient distilled water to achieve a final wet weight of 50 g at a moisture content equivalent to 80% of field capacity were added. The final Aroclor concentrations were 10, 100, and 1,000 ppm of PCBs (10, 100, and 1,000 mg/kg of wet soil).
For each strain, 0.5 ml of culture was added to 50 g of PCB-contaminated soil to achieve a soil concentration of approximately 4 x 106 tetracycline-resistant cells per g. The 50-g soil samples were placed in 150-ml Erlenmeyer flasks, and the weights of the flasks plus soil were determined. Incubation was at room temperature. Once per day distilled water was added to the flasks to achieve the original weights, and the soils were mixed with dedicated stainless steel spatulas. Duplicate 1-g samples were removed periodically for up to 48 days for extraction and gas chromatographic analysis.
PCB extraction methods. PCBs were extracted from resting cell assay preparations by adding 3 ml of ether (nanograde; Baxter, McGaw Park, Ill.) and shaking the preparations for 1 h on a reciprocating platform shaker. A 1-ml ether sample was transferred from the upper solvent layer to a Teflon-capped tube (16 by 125 mm) containing 4.0 ml of hexane and 0.5 g of silica gel (35-60 mesh). The tubes were vortexed, shaken for 15 min on a reciprocating shaker, and centrifuged for 5 min at approximately 190 x g with a Beckman model TJ-6 centrifuge.
Soils were extracted by adding 1-g portions of soil to 25-ml glass centrifuge tubes with Teflon-lined caps and then adding 1 g of anhydrous Na2SO4, 5 ml of distilled water, and 5 ml of ether to each tube. The tubes were shaken for 1 h on a recipricating shaker and centrifuged for 15 min at 760 x g. An ether subsample was then treated as described above.
Gas chromatography analysis. The relative concentrations of PCB congeners in extracts of resting cell assay mixtures and soils were determined by using a model GC-14A gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a model AOC-14 auto injector, as well as an electron capture detector and a split/splitless injector, both of which were VOL. 59, 1993 Table 2 . For all strains the inoculum, grown in PAS medium containing 0.2% IGP and 10 ,ug of tetracycline per ml, did not consist entirely of tetracycline-resistant cells, even though no growth of parent strain 1IGP4 was observed in the same medium containing tetracycline concentrations at least as low as 2.5 ,ug/ml in range-finding studies. The initial percentage of tetracyclineresistant cells in the strain lIGP4(pCL2) inoculum was only 53%, whereas the percentage was higher for the other two strains, indicating that plasmid pCL2 is more unstable than plasmid pCL1 or pCL3.
After approximately five divisions in the absence of selection the percentage of tetracycline-resistant cells decreased to 15 to 58% for the three strains. Spraying of the plates containing PAS medium supplemented with 0.2% IGP with DHB yielded some colonies that did not turn yellow for all three strains, indicating that the bphC gene was lost. However, all tetracycline-resistant colonies did turn yellow when they were sprayed with DHB.
Degradative activity of recombinant organisms. None of the strain 1IGP4 recombinants was capable of growth on biphenyl. Resting cell assays demonstrated that strains 1IGP4 (pCL2) and lIGP4(pCL3) were able to degrade many of the individual PCB congeners present in Aroclor 1242 (Table 3) . No degradation was observed in resting cell assays performed with control strain lIGP4(pCL1). The extents of degradation of many of the individual congeners were noticeably higher in lIGP4(pCL3) cultures than in 1IGP4 (pCL2) cultures. Resting cell assay degradation by ENV307 was more extensive than resting cell assay degradation by any of the recombinant 1IGP4 cultures. Restriction mapping (Fig. 1) of the original subclone (pUC19PCB) indicated that the PCB-degradative genes are closely related to the genes obtained from strain LB400 (23) .
Soil treatment experiments. Addition of 1.0% IGP to soil contaminated with 100 ppm of Aroclor 1242 and inoculation with lIGP4(pCL3) resulted in a pattern of congener degradation similar to that observed in resting cell assays (Table  3) . Limited disappearance of only one peak (congeners 2,2' and 2',6) was observed in soil inoculated with control strain 1IGP4(pCL1), and limited disappearance of only four peaks was observed in soil inoculated with lIGP4(pCL2).
The rate of PCB degradation in soils inoculated with lIGP4(pCL3) is indicated by the time course concentrations of congeners 2',3,4 and 2,5,2',6' (peak 15) in soils contaminated with 10, 100, or 1,000 ppm of Aroclor 1242 and amended with 1.0% IGP (Fig. 2) .
DISCUSSION
The results of the laboratory scale treatment studies indicate that effective concentrations of plasmid-encoded PCB-degradative gene products could be achieved in soil by using FAVs, even though these products provide no benefit to the host in this environment. The FAVs are not expected to derive any carbon and energy return from the degradation of the congeners present in Aroclor 1242. Strain 1IGP4 does not grow on biphenyl, and the use of only the first three genes of the biphenyl degradation pathway (bphABC) in the plasmid constructs ensures, for demonstration purposes, that no energy is derived from even the lower chlorinated congeners.
It is important to note that the tetracycline resistance genes are incorporated only as an aid in cloning experiments and are not intended to impart a selective advantage on the host strain in soil environments. The selective agent in these FAVs is the surfactant. The use of tetracycline as a selective agent in soil treatment systems is impractical because of the presence of resistant indigenous strains, cost, and regulatory constraints due to the possibility of a resulting increase in the populations of organisms which carry resistance to this medicinally useful antibiotic.
Since neither tetracycline resistance nor PCB-degrading ability is expected to provide a significant adaptive advantage to strain 1IGP4 in soil, there is probably no selection for organisms maintaining either the individual genes or the plasmid. It is more likely that carbon and energy channeled into cometabolic pathways result in some selection against plasmid maintenance. The results of plasmid stability exper- nation may increase stability, resulting in improved FAV performance.
In resting cell assays, degradation of PCB congeners by strain ENV307 was more extensive than the degradation observed with strain 1IGP4 (Table 3) . Achieving higher levels of gene expression in strain 1IGP4 by using stronger promoters may result in more extensive PCB degradation. In studies with strain LB400, growth on biphenyl resulted in degradation of individual congeners that were not degraded by the same strain grown under noninducing conditions (23) . The importance of plasmid stability and gene expression in field applications is suggested by the results of a comparison of the performance of lIGP4(pCL2) and the performance of lIGP4(pCL3) in soil treatment experiments (Table 3) .
A major advantage of FAVs over naturally occurring PCB-degrading strains is the elimination of the requirement for biphenyl, with all its associated limitations and environmental problems. The potential ability of the surfactant to enhance the bioavailability of contaminants may be an additional advantage and may be more effectively exploited by using soil-slurry reactors.
General safety issues concerning the use of FAVs have been discussed previously (21) . The use of non-antibioticresistance cloning vectors (17) and chromosomal integration of the PCB genes would probably be required for regulatory approval of field releases. PCB-degradative genes (bphABC) from a naturally occurring strain (Pseudomonas sp. strain ENV307) have been inserted into a soil bacterium, P. paucimobilis 1IGP4, which neither possesses the ability to grow on biphenyl nor degrades PCBs. Addition of the bphD gene for actual field applications is warranted. The cloning of PCB genes per se into strain 1IGP4 does not appear to warrant any serious safety concern. In fact, another strain of P. paucimobilis (strain Q1) has been shown to cometabolize PCBs by the biphenyl degradation pathway, although its bphC gene is not closely related to that of the strain 1IGP4 recombinants (12, 27) .
